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ABSTRACT: The potential for rapid coastline modification in the face of sea-level rise or other stressors is alarming, since coasts are
often densely populated and support valuable infrastructure. In addition to coastal submergence, nutrient-related water pollution is a
growing concern for coastal wetlands. Previous studies found that the Suspended Sediment Concentration (SSC) of coastal wetlands
acts as a first-order control of their sustainability, but SSC dynamics are poorly understood. Our study focuses on the Virginia Coast
Reserve (VCR) Long Term Ecological Research (LTER) site, a shallow multiple tidal inlet system in the USA. We apply numerical
modelling (Delft3D-SWAN) and subsequent analyses to determine SSC dynamics within the VCR. In particular, we consider two
important controls on SSC in the system: vegetation (seagrass and salt marsh) and offshore waves. Our results show that vegetation
colonies and increased wave energy lengthen water residence time. The reduction in the tidal prism decreases SSC export from the
bay via tidal inlets, leading to increased sediment retention in the bay. We found that alongshore currents can enhance lagoon SSC
by importing fine sediments from an adjacent inlet along the coastline. Our numerical experiments on vegetation seasonality can
improve the understanding of wave climate impact on coastal bay sediment budget. Offshore waves increase sediment export from
coastal bays, particularly during winter seasons with low vegetation density. Therefore, our study can help managers and stake-
holders to understand how to implement restoration strategies for the VCR. © 2020 John Wiley & Sons, Ltd.

KEYWORDS: numerical modelling; coastal morphodynamics; sediment transport; Virginia Coast Reserve; ecogeomorphology; submerged aquatic
vegetation; salt marsh

Introduction

Barrier islands and back-barrier lagoons are dynamic systems.
The prospect of coastal change due to sea-level rise or other
stressors is worrying because these areas are frequently densely
populated and support residential and commercial infrastruc-
tures, as well as social and economic activity. Additionally, bar-
rier islands play an influential role in the protection of land
masses from forces such as flooding and storm surges.
Barrier islands are often bounded by tidal inlets. Multiple

tidal inlet systems are a special case of inlet bay systems in
which more than one inlet connects a single barrier lagoon
with the ocean, allowing sediment and nutrient exchange,
and interaction between inlets. This system exists in different
types of environment but generally occurs in locations charac-
terized by micro- and meso-tidal coasts having medium
wave energy (Hayes, 1979) and back-barrier bays elongated
parallel to the shoreline. Some examples are found along the
Atlantic and Gulf coast of the United States (e.g. Cape Cod,
Cape Hatteras, Outer Banks, Virginia barrier islands), in
Mexico (Laguna de Chacahua, Laguna Madre), in the south
coast of Brazil (Lagoa de Patos) and in Europe (Ria Formosa,
Wadden Sea).

The flow through tidal inlets is mainly driven by tidal
oscillation, flooding and draining the bay periodically, with
an intensity depending on the tide and the physical character-
istics of the environment (inlet geometry and planform,
bay dimension and complexity) (Bruun, 1978; Aubrey and
Speer, 1984). In turn, tidal flows and bay properties affect inlet
geometry (O’Brien, 1969; Escoffier, 1977), which can generate
morphodynamic interactions between inlets (van de
Kreeke, 1990; Friedrichs et al, 1993; Nienhuis and Lorenzo-
Trueba, 2019).

In this study, we focus on the coastal bays of the Virginia
Coast Reserve (VCR). The VCR is a coastal system of microtidal
shallow coastal bays (tidal range ~1.2m) in the Delmarva Pen-
insula (Figure 1), with shallow seagrass beds (Zostera marina)
and extensive fringing salt marshes (Spartina alterniflora). This
study focuses on the hydrodynamics of this multiple tidal inlet
system, and the analysis of the suspended sediment exchange
between back-barrier bays and ocean, considering the effect
produced by the vegetation.

The depletion of vegetated areas plays an important role in
initiating or aggravating coastal flooding and poor water qual-
ity, resulting in large economic costs. In particular, loss of
marsh vegetation exposes coastal communities to an increased
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risk of potential damage from rising sea levels. Loss of
seagrasses, due to pollution or turbidity, affects coastal fisheries
(Kemp et al, 2005; Boesch, 2006).
Coastal bays are therefore sometimes considered to be in a

delicate equilibrium between vegetation and tidal inlet pro-
cesses, because vegetation has a significant impact on the tidal
prism and sediment balance (Stive et al, 1998). Vegetation
serves a crucial function in trapping sediment, reducing erosion
in coastal zones, and providing protection from waves during
storms (Loder et al, 2009; Temmerman et al, 2013). In particu-
lar, salt marsh resistance to wave impact is intricately con-
nected to wave dissipation over salt marsh surfaces (Duarte
et al, 2019). During storms, coastal wetlands dissipate wave
energy, reducing shore and bay bottom erosion (Moeller
et al, 1996). Möller et al (2014) showed that the presence of salt
marsh vegetation causes considerable wave attenuation.
At low stem density (about 100 stems m�2), the drag locally

enhances turbulence, causing increased shear stress and poten-
tial scour of the bed (Nepf, 1999; Bouma et al, 2009). However,
under stem density characteristics of a typical marsh canopy
(about 200 stems per m�2), vegetation reduces turbulence,
slows water velocity, and diminishes shear stress near the bed
(Leonard and Luther, 1995; Nepf, 1999).
Vegetation produces multiscale interactions with flow and

sediment transport (Fagherazzi et al, 2004, 2013; Moore, 2004;
Larsen and Harvey, 2010; Nardin and Edmonds, 2014; Lera
et al, 2019). Models have supplied quantitative approaches to
vegetation–sediment feedback related to emergent marsh
vegetation (Temmerman et al, 2005; Nardin et al, 2016) or
seagrasses (Newell and Koch, 2004; Carr et al, 2010; Folmer
et al, 2012).

Waves, tides and vegetation govern water fluxes and redistri-
bution of sediments in coastal wetlands, such as the intertidal
marshes and tidal flats of the VCR (Cucco and Umgiesser, 2006;
Lawson et al, 2007;McLoughlin et al, 2015). A two-dimensional
depth averaged (2D-H) hydro-morphodynamic model that
accounts for flow fields and sediment transport is necessary to
accurately estimate water fluxes and sediment concentration.
We use the hydrodynamic model Delft3D (Lesser et al, 2004)
coupled with the wavemodel SWAN (Booij et al, 1999) to deter-
mine the distribution of tidal currents and waves within
the VCR bays. We focus on suspended sediment dynamics,
but our study is limited to the hydrodynamics to reduce the com-
putational time and effort. We use modern bathymetry to ana-
lyse the response of sediment transport pathways to different
vegetation and offshore wave conditions. Using numerical
modelling investigation, seagrass and emergent marsh grasses
are specified with different sets of parameters in the Bap-
tist (2005) vegetation schematization.

Our work extends beyond other 2D modelling studies of this
area, which focused only on hydrodynamics or sediment resus-
pension in the bays in the absence of vegetation (Fugate
et al, 2006; Lawson et al, 2007; Mariotti et al, 2010; Safak
et al, 2015; Wiberg et al, 2015). Other studies investigate only
the interaction between barrier islands and back-barrier vegeta-
tion in specific parts of the bay (Oertel, 2001; Walters
et al, 2014; Mariotti and Canestrelli, 2017), rather than the
whole system. Changes in the hydrodynamics of the inlets
can modify the sediment transport patterns, increasing or
decreasing the sediment supply to the downdrift zones, and,
for instance, exporting from the bays suspended sediment
through tidal inlets.

Figure 1. The study site is Virginia Coast Reserve (VA), located on the Delmarva Peninsula in the US Mid-Atlantic coast (map from US Geological
Survey – National Hydrography Dataset). White dashed lines show the numerical model domain and the location of the VCR bays. (Aerial photo-
graphs courtesy of Google Earth, 2015.) [Colour figure can be viewed at wileyonlinelibrary.com]
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Outside coastal bays, alongshore currents generated by off-
shore waves can redistribute sediment along the coast. In par-
ticular, along a barrier island system with multiple inlets, fine
sediments can exit and re-enter bays through neighbouring
tidal inlets, altering their sediment budget. Previous studies
focused on hydrodynamics and morphology inside the bay
(Safak and Wiberg, 2012; Safak et al, 2015; Wiberg
et al, 2015) or outside tidal inlets (Nienhuis and Ashton, 2016),
but they miss a quantification of the whole system. Our goal is
to enhance the understanding of a combination of internal bay
processes and offshore wave action to include the lagoon, inlet,
and nearshore coastal ocean as a whole.
Nardin et al (2018) investigated the independent and syner-

gistic effects of salt marsh and seagrass in the VCR, demonstrat-
ing that vegetation promotes bay resilience; in particular,
seagrass helps the salt marsh survive by reducing wave energy.
It also generates more friction in subtidal zones of the bay
where salt marsh cannot survive, trapping more sediment
(Nardin et al, 2018). The study by Nardin et al (2018) focused
inside the VCR bays, neglecting the external influence of the
offshore waves.
This study aims to analyse the effect of the interaction

between tidal currents, wind waves, offshore waves and vege-
tation on the suspended sediment concentration (SSC) patterns
in the VCR. Another goal of our investigation is to quantify the
processes driving the suspended sediment exchange through
tidal inlets with the ocean.

Methods and Model Setup

Study area – the Virginia Coast Reserve

The VCR is a system of barrier islands, shallow bays, and salt
marshes located on the southern part of the Delmarva Penin-
sula, along the US mid-Atlantic coast (Figure 1). The bays of
the VCR, like many others on the eastern US seaboard, lack a
significant fluvial source of freshwater and sediments. Shallow
flats dominate the bays, with depths averaging 1m below mean
sea level. A network of tidal channels (5m deep on average but
exceeding 10m at the inlets) connects the bays to the Atlantic
Ocean. Emergent salt marsh cordgrass (S. alterniflora) forms
fringing low marshes around the bays, while submerged eel-
grass (Z. marina) occupies a portion of the subtidal areas
shallower than a mean depth of 1.6m. Because the study site
has experienced little direct human impact, it is an ideal natural
laboratory to study bay morphodynamics and salt marsh pro-
cesses (McGlathery et al, 2007).
Collectively, wind waves, storm-induced currents, and tides

constitute major controls on the spatial distribution of
suspended sediment within the bays (Lawson et al, 2007;
Wiberg et al, 2015). The tide in the VCR is semidiurnal, with
a mean tidal range of about 1.2m. Winds are a dominant forc-
ing on circulation (Wiberg et al, 2015), with an annual average
direction from the SSW and episodic northeasterly storms. The
hydrodynamics of the tidal inlets are affected by the internal
hydraulic connections between bays, because water in the
bays of the VCR typically has access to more than one inlet.
Channel configuration, hypsometry, inlet dimensions, and
other factors create a net movement of water into one inlet
and a net movement of water out of a nearby inlet. Offshore
of the VCR, annual representative significant wave height is
~1.3m, wave period is ~7s, and wave direction is ~82° with
respect to the north (Wiberg et al, 2015). Waves and tides set
up an alongshore current and sediment transport that interacts
with the suspended sediment exchange between bays and
ocean, which is modelled in the following section.

Model description

Delft3D-SWAN couples the computation of hydrodynamics
with sediment transport and vegetation. Here, a water and sed-
iment mass balance is carried out in two dimensions through-
out the entire modelled system, and alternate realizations are
run to determine the sediment exchange between the bay and
the ocean, under the influence of wind waves and tide, taking
into account the presence of vegetation that affects residence
times and sediment deposition. The flow resistance effects of
vegetation are implemented through depth-integrated compu-
tations, formulated in accordance with the equations proposed
by Baptist (2005). Defining a coordinate system with the x-axis
longitudinal, the y-axis transversal, and the z-axis vertical
upward, the system of shallow water equations governing fluid
flow is:
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where U and V are the velocities in the x and y directions, η is
the elevation of the water surface, h is the water depth, Cb is the
Chezy bed roughness, g is the gravity acceleration, and νH is
the horizontal eddy viscosity.

The sediment-transport and morphology modules in Delft3D
simulate bedload and suspended-load fluxes of cohesive and
non-cohesive sediments and the exchange of sediment
between the bed and water column. The transport of each sed-
iment class is calculated separately, taking into account the
availability of each fraction in the bed. Bedload transport for
non-cohesive sediment is computed with the formula of van
Rijn (1993). Erosion and deposition shear stresses for sediment
resuspension are based on the Shields parameter, while
suspended load transport is calculated by solving the
advection–diffusion equation:

∂c
∂t

þU
∂c
∂x

þ V
∂c
∂y

¼ ∂
∂x

εs
∂c
∂x

� �
þ ∂
∂y
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∂c
∂y

� �
þ ceq � c

T s
(4)

where c is the suspended sediment mass concentration, εs is the
sediment eddy diffusivity, TS is an adaptation time scale, and
ceq is the local equilibrium depth-averaged SSC. For cohesive
sediments, the Partheniades–Krone formulations for erosion
and deposition are used (Partheniades, (1965). In these formu-
lations, the critical shear stress for erosion is always greater than
or equal to the one for deposition; therefore, intermediate
shear–stress conditions may exist for which neither erosion
nor deposition occurs (see Delft3D manual for full reference,
https://oss.deltares.nl/web/delft3d/manuals).

In the SWAN model, wind waves are described with the
wave action density spectrum in the two-dimensional geo-
graphic space (Booij et al, 1999) and SWAN is designed to sim-
ulate random, short-crested waves in coastal regions with
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shallow water. The model accounts for wave generation, dissi-
pation through whitecapping (Komen et al, 1984), bottom fric-
tion (Hasselmann and Olbers, 1973), and depth-induced
breaking (Battjes and Janssen, 1978), and nonlinear wave–
wave interactions. For computational reasons, the model is
set up on the same square grid as the Delft3D model, with a
250m cell size.
The processes by which waves affect currents and vice versa

are taken into account in our simulations, with an online cou-
pling between the SWAN and Delft3D modules. In the case
of waves coming from the direction opposite to a current, the
radiational stresses produced by the dissipation of wave energy
by bottom friction tend to decrease the momentum of the cur-
rent. The presence of waves also enhances the mean shear
stress on the bed. This enhancement is caused by the nonlinear
interaction between the boundary layers at the bed associated
with the waves and the current (Grant and Madsen, 1979).
The enhancement of the mean shear stress is modelled using
Soulsby et al’s (1993) formula:

τm¼τc 1þ 1:2
τw

τw þ τc

� �3=2
" #

(5)

where τm is the combined waves/current bed shear stress, τc is
the bed shear stress due to the current alone:

τc¼gρu∣u∣
C2 (6)

and τw is the bed shear stress due to waves:

τw¼1
2
ρf wub
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Tpsinh KDð Þ; K¼
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where ub is the significant wave bottom orbital velocity, K is the
wave number, D is the channel and domain depth, Tp is the
wave peak period, and fw is a friction coefficient, computed as:
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ub

ωKs
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2
:

(
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where Ks is the Nikuradse roughness, estimated as 3.5 times the
median grain size. In addition, because of the extra turbulence
generated close to the bed, the whole current profile is modi-
fied by the presence of waves. This second effect is equivalent
to an enhancement of the apparent bed roughness (Grant and
Madsen, 1979).
Finally, the presence of currents affects waves by modifying

their celerity:

ca¼cr þ u (9)

where ca is the absolute celerity and cr is the relative celerity.
Currents flowing in the opposite direction of wave propagation
tend to decrease wave period and group velocity and, if the
wave action is conserved, to increase wave height.

Effect of vegetation on flow

The Delft3D model allows users to specify bed roughness and
flow resistance on a sub-grid level by defining various land
use or roughness classes. One way to model vegetation in
Delft3D is to correct the bed roughness using the equation pro-
posed by Baptist (2005). Baptist’s formulation is based on the
concept that vegetation can be modelled as rigid cylinders

characterized by height hv, vegetation density n, stem diameter
D, number of stems per square metrem, and drag coefficient C-

D. Various combinations of vegetation parameters can repre-
sent diverse wetland configurations under different water flow
conditions. In this formulation, the velocity profile is divided
into two flow zones: (1) a zone of constant flow velocity, uv,
inside the vegetated part and (2) a logarithmic velocity profile,
uu, above the vegetation starting from the velocity value uv at
the vegetation interface.

Setup of hydrodynamic model

We simulate water flow and sediment transport on a computa-
tional grid of 150×459 cells, each 250×250m in size (Figure 2).
To set up, test, and validate our modelling framework we used
extensive datasets collected in the VCR and available through
the VCR-LTER website. The data encompass long-term mea-
surements of water level (Hog Island station: VCR97053),
sediment transport (Wiberg et al, 2015), salt marsh accretion,
and vegetation characteristics within the salt marshes
(Apollone, 2000), which are presented in detail in the
following.

The VCR topography and bathymetry were extracted from
existing digital elevation models (DEMs) (e.g. Oertel
et al, 2000; Richardson et al, 2014) and grids used in previous
modelling studies (e.g. Mariotti et al, 2010; Safak et al, 2015;
Wiberg et al, 2015). Where these detailed data sources did
not provide coverage or good data quality, the bathymetry
was based on local surveys and on NOAA charts. Depths
outside the VCR were gathered from NOAA charts and
datasets. The compiled dataset was interpolated, where neces-
sary, to ensure that the main channels connecting the bays
within the system were represented. Initial test runs showed
that the domain size allows wave propagation. The simulated
tide along the three open boundaries north, east, and south
(Figure 2) is obtained by superimposing the various tidal
harmonics with their corresponding phases and amplitudes
(Figure 3a), recorded from the NOAA station in Hog Island
(VA). A no-flow condition is imposed at the landward
boundaries.

Waves in the model are generated at the ocean boundaries
and by local winds. We use data and wind statistics from the
NOAA weather station at Wachapreague in Virginia, USA,
based on observations between July 2008 and September
2017. These observations show that the most frequent wind
direction in the VCR is from the SSW (Figure 2). We use a
steady wave field with a mean annual wind speed of 6ms�1

from the SSW direction, neglecting coupling with currents.
We use the sediment bottom distribution measured in

the VCR by Wiberg et al (2015), which includes fine sand
(D50= 125μm; sediment density ρ = 2650kgm�3; dry bed
density ρd=800kgm

�3), silt (D50=20μm, settling velocity ws=
0.1mms�1), and mixed silt–very fine sand (D50= 63μm, settling
velocity ws= 3.0mms�1) (see also Castagno et al, 2018; Nardin
et al, 2018). Starting from an initial uniform sediment distribu-
tion in the bay domain, we run the model until it reaches a
steady state for the non-cohesive sediments and the two classes
of cohesive sediment. We define this state as the point at which
the SSC is stable in time.

The suspended sediment eddy diffusivities are calculated
using horizontal large-eddy simulations and grain settling
velocity (see Delft3D manual for full reference). The horizontal
eddy-viscosity coefficient is computed from a horizontal
large-eddy simulation, and the background horizontal viscosity
here is set equal to 1 m2s�1. Bed roughness is set to a spatially
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Figure 2. Numerical domain with boundary conditions; the colour map shows elevation extracted from existing DEMs (e.g. Oertel et al, 2000;
Mariotti et al, 2010) and grid used in previous studies; white lines highlight the cross-sections of the inlet channels used for quantifying water and
sediment fluxes. The black star indicates the location of NOAA station VCR97053 (Hog Island, VA). The wind rose shows the yearly wind direction
measured by the NOAA station at Wachapreague (VA), USA in the black circle. The table shows VCR bay names and characteristics. [Colour figure
can be viewed at wileyonlinelibrary.com]

Figure 3. (a) Water level simulated in the VCR estuary. The red box shows the focus interval used to present the study’s results. (b) Cumulative sed-
iment mass over the simulation time, calculated at Great Machipongo Inlet, stabilizes in correspondence with the time interval used to present our
results and analysis. [Colour figure can be viewed at wileyonlinelibrary.com]
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and temporally constant Chézy value of 65 m1/2 s�1. A time
step of 60s is adopted to satisfy all stability criteria.
Vegetation plays an important role in sediment deposition

(D’Alpaos et al, 2007). In the 1930s, the seagrass in the VCR
completely disappeared and the bays changed from a highly
productive seagrass-dominated system to an algae-dominated
system (McGlathery et al, 2001). Recent restoration activities
have reintroduced seagrass (McGlathery et al, 2012; Reynolds
et al, 2012), with seagrass meadows currently occupying 25
km2 of the bays.
To understand how the vegetation influences sediment trap-

ping and sediment budget exchange, we simulate the test cases
indicated in Table 1. We consider two species of vegetation (S.
alterniflora, Z. marina) in the VCR, based on
orthophotogrammetry and field data (aerial photographs cour-
tesy of Google Earth; Apollone, 2000; Wiberg et al, 2015; Sun
et al, 2018). Within each vegetation community, vegetation
characteristics are assumed to be uniform, with a given height,
density, and stem diameter consistent with measurements
acquired within S. alterniflora and Z. marina communities
(McGlathery et al, 2001) and classification map based on
Landsat images (Sun et al, 2018). In particular, S. alterniflora
in this region is characterized by stem height hv=0.7 m and
vegetation density n=2 m�1, and for Z. marina hv=0.3 m and
n=4 m�1 (the vegetation density n = mD, where D is the stem
diameter and m is the number of stems per square metre; see
Nardin et al, 2018). For example, we investigate the effects of
seasonality by comparing hv = 0.7m and n = 2 m�1,
representing winter, and hv=1.4m and n = 4 m�1, representing
summer for S. alterniflora (Nardin et al, 2018). To explore the
seasonality effects by Z. marina, we compared values of hv=
0.3 m and n=4 m�1 during winter with hv=0.6 m and n=
8 m�1 to represent summer time (Nardin et al, 2018).

Offshore wave conditions

We retrieved offshore wave statistics from the NOAA Wave
Watch 30-year reanalysis hindcast (Chawla et al, 2013). Based
on the occurrence of different wave heights and wave direc-
tions, we selected 25 representative model conditions (Figure 4,
Table 1). We vary the significant wave heights (0.6, 0.8, 1, 1.3,
1.6m), approach directions (40, 60, 82, 110, 130° from the
north), and keep the wave period constant at 7s. Considering
the wave-driven alongshore transport of sediments, annual rep-
resentative conditions are a significant wave height of ~1.3m, a
wave period of ~7s, and a wave direction of ~82° with respect
to the north (Run ID: VCR1382). For convenience, in our results
section, we refer to the ‘relative’ impact angle φR, calculated
with respect to the coastline (Figure 6a, Table 1).

In our study, deep water waves are prescribed at the offshore
boundaries with a 10° directional spread and a JONSWAP fre-
quency spectrum. The computed wave field from SWAN is
updated after every 60min of simulated Delft3D flows.

Model validation

We use measured tide data recorded from the NOAA station of
Hog Island, VA to validate and calibrate our numerical model.
We processed data from Hog Island station because of its prox-
imity to the open ocean, its central location in the barrier sys-
tem, and because this is the largest bay with extensive
seagrass beds and salt marshes.

We calibrated the model by adjusting the water-level forcing,
phase, and amplitude at the southern, northern, and eastern
open boundaries to match measured water levels at NOAA sta-
tion VCR97053 (Hog Island, VA) from 10 to 17 February 2004.

Table 1. Variables and boundary conditions used in Delft3D to run our numerical experiments (see text for vegetation parameters selection). The hv
value shows a vegetation height for salt marsh used in the specific run, while the second value represents a vegetation stem length for SAV. In the same
way, n characterizes the value of vegetation density for salt marsh and the second value is proposed for SAV. φR is the ‘relative’ impact angle,
calculated with respect to the coastline

Model runs without vegetation Model runs with vegetation

Run ID: HS (m) φR (°) hv (m) n (m�1) Run ID: HS (m) φR (°) hv (m) (salt marsh-SAV) n (m�1) (salt marsh-SAV)

VCR0000 – – – – VCR0640V 0.6 11 0.7–0.3 2–4
VCR0640 0.6 11 – – VCR0840V 0.8 11 0.7–0.3 2–4
VCR0840 0.8 11 – – VCR1040V 1 11 0.7–0.3 2–4
VCR1040 1 11 – – VCR1340V 1.3 11 0.7–0.3 2–4
VCR1340 1.3 11 – – VCR1640V 1.6 11 0.7–0.3 2–4
VCR1640 1.6 11 – – VCR0660V 0.6 31 0.7–0.3 2–4
VCR0660 0.6 31 – – VCR0860V 0.8 31 0.7–0.3 2–4
VCR0860 0.8 31 – – VCR1060V 1 31 0.7–0.3 2–4
VCR1060 1 31 – – VCR1360V 1.3 31 0.7–0.3 2–4
VCR1360 1.3 31 – – VCR1660V 1.6 31 0.7–0.3 2–4
VCR1660 1.6 31 – – VCR1360V 0.6 53 0.7–0.3 2–4
VCR1360 0.6 53 – – VCR1660V 0.8 53 0.7–0.3 2–4
VCR1660 0.8 53 – – VCR0682V 1 53 0.7–0.3 2–4
VCR0682 1 53 – – VCR1382V 1.3 53 0.7–0.3 2–4
VCR1382 1.3 53 – – VCR1082V 1.6 53 0.7–0.3 2–4
VCR1082 1.6 53 – – VCR06110V 0.6 81 0.7–0.3 2–4
VCR06110 0.6 81 – – VCR08110V 0.8 81 0.7–0.3 2–4
VCR08110 0.8 81 – – VCR10110V 1 81 0.7–0.3 2–4
VCR10110 1 81 – – VCR13110V 1.3 81 0.7–0.3 2–4
VCR13110 1.3 81 – – VCR16110V 1.6 81 0.7–0.3 2–4
VCR16110 1.6 81 – – VCR06130V 0.6 101 0.7–0.3 2–4
VCR06130 0.6 101 – – VCR08131V 0.8 101 0.7–0.3 2–4
VCR08131 0.8 101 – – VCR10132V 1 101 0.7–0.3 2–4
VCR10132 1 101 – – VCR13133V 1.3 101 0.7–0.3 2–4
VCR13133 1.3 101 – – VCR16134V 1.6 101 0.7–0.3 2–4
VCR16134 1.6 101 – – VCR0000VV – – 1.4–0.6 4–8
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An agreement among field measurements and numerical
model, both in tidal amplitude and tidal phase, was obtained
when imposing a water-level signal delayed 72min and damp-
ened by a factor of 88%.
To validate our model runs, we used water levels at Hog

Island station during the winter time, from 24 February to
1 March 2004 (Figure 5). The coherence between the model
and measurements was analysed by the model efficiency (ME

=0.99), root mean square error (RMSE=0.084m), correlation
coefficient (R =0.99), and model performance (skill, S=0.99).
To better understand seasonality effects on the model result,
we conducted a summer-time model validation, from 20 to
26 August 2004 (Figure 5b). Those results have shown agree-
ment among numerical model results and water-level measure-
ments with correlation coefficient (R=0.99) and model
performance (S=0.99).

Figure 4. Co-occurrence of wave directions and heights offshore of the VCR, including the directional distribution of wave power. Red markers rep-
resent the conditions simulated in our study (Table 1). The greyscale colour shows the frequency of wave condition co-occurrence. [Colour figure can
be viewed at wileyonlinelibrary.com]

Figure 5. Comparison between modelled and measured water levels. (a) Winter season: computed (red circle) and measured (blue line) water levels
at NOAA station VCR97053 (Hog Island, VA). (b) Summer season: computed (red ellipse) and measured (blue line). The model is validated along the
time with measurements of water level. [Colour figure can be viewed at wileyonlinelibrary.com]

3061IMPACT OF OFFSHORE WAVES/VEGETATION ON BAY’S SEDIMENT BUDGET

© 2020 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 45, 3055–3068 (2020)

 10969837, 2020, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/esp.4951 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [09/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


Results

Effect of waves on bay hydrodynamics

To quantify the amount of water flowing into the bay through
the tidal inlets, we studied the water-level profile as a function
of the velocity during two idealized tidal cycles from 20 to 21
May (Figure 3a). We chose this period to limit the effects of
model spin-up on our results, and to focus on tidal cycles in
which the bays reach a steady state (Figure 3b).
Plotting the water level against velocity (tidal stage plot)

allows comparison of the magnitude of the flood currents rela-
tive to the ebb currents at every considered stage of tide.
Figure 6b shows that, for each tidal cycle, the maximum flow
velocity is greater during ebb (~0.8ms�1) than during flood
(~0.6ms�1). Assessing the impact of waves on bay hydrodynam-
ics, we find that the ebb dominance of tidal inlets is not strongly
dependent on offshore wave direction (φR) (Figure 6b). Themax-
imumebb and flood velocities are not constant for the two differ-
ent tidal cycles, because of the mixed semidiurnal tidal range
(Figure 3). The difference in ebb velocities in Figure 6c is
�0.82ms�1 on the first ebb tide, then�0.80ms�1 on the second
ebb tide, which highlights a not substantial difference between
the two selected tidal cycles. Similarly, flood velocities show
analogous behaviour, with 0.59ms�1 on the first flood tide and
0.62ms�1 on the following one (Figure 6c).
To further analyse the influence of waves on the tidal inlets’

hydrodynamic and flood/ebb dominance, we define:

UF¼ umax; waves

umax; no waves
(10)

UE¼ umin; waves

umin; no waves
(11)

where umax,waves and umin,waves represent, respectively, the
maximum (flood) and minimum (ebb) velocity simulated at
the inlets in the presence of waves, normalized with umax,

no waves and umin,no waves, the corresponding values in the
absence of waves.

In both cases, UF and UE decrease for high waves and
increase when the angle is more shore-normal (Figure 7), but
variations are less than 1%. Referring to the angles notation
indicated in Figure 6, the wave characterized by HS = 1.3m
and φR = 81° slightly reverses the trend, because the wave
direction is opposite to the jet from the inlet and this might gen-
erate jet instability processes (Figures 7a, c, and d).

Effect of waves on the alongshore current

The alongshore current calculated at the transversal cross-
section, in the midway between Great Machipongo Inlet and
Sand Shoal Inlet, is plotted in Figure 8 as a function of the sig-
nificant wave height for different directions. The linear correla-
tion shown by the regression lines underlines that with
increasing wave height, the alongshore current proportionally
increases. Generally, the alongshore current velocity is at the
maximum value when the relative wave direction is around
45° (Ashton and Giosan, 2011). This wave direction is approx-
imately represented by the angle of 53° in the VCR coastline
morphology.

Figure 6. (a) Sketch of the VCR coastline and the relative wave directions considered in our model; (b) tidal stage plots calculated at Sand Shoal Inlet
for two tidal cycles of the data extracted from the model, considering the significant wave height of 1.3m and three different wave directions
approaching the shore; (c) instantaneous water level and x-component of velocity flowing into the bay through a tidal inlet at the same time.
[Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 9 shows the alongshore current computed along the
transversal cross-section between Great Machipongo Inlet
and Sand Shoal Inlet. Data are plotted for the same two tidal
cycles considered in our results section (Figure 3). The along-
shore current without waves (black line) is compared to the
case of different-height waves with the same origin direction

(Figure 9a) and to the case of different direction angles
with the same wave height (Figure 9b). Our results show that
the presence of offshore waves from the north direction
increases currents towards the south (Table 2). For the same
angle of 53°, as the significant wave height increases, the
alongshore current slightly enhances towards the south
(Figure 9a). Figure 9b shows that a minimum value of along-
shore current occurs when the waves impact the shoreline
at an angle of 53°. This result highlights the most impactful
condition for the development of the alongshore current
towards the south.

Effect of waves on sediment transport during ebb
and flood

The sediment budget inside the VCR is primarily determined by
SSC at flood and ebb flow through the tidal inlets. To under-
stand the coupling between SSC and the alongshore current,
we plotted in Figure 10 the SSC for mud (20μm) with the corre-
sponding depth-averaged velocity field.

We found that the ebb velocity simulated at Great
Machipongo and Sand Shoal Inlets decreases in the presence
of waves (Figure 10), because waves interfere with the outgoing
currents. In contrast, the flood velocity increases when waves
approach the coastline (Figure 10c), because the waves pro-
mote the incoming currents. The suspended sediment emitted
from the inlets results in higher concentration under-wave
action, and the alongshore current transports the sediment
adjacent to the coastline.

Alongshore current impacts on sediment budget

Wave direction and energy directly impact the development of
alongshore currents, as shown in Figure 8. Subsequently, the
effects of alongshore currents on sediment circulation inside
and outside the bay are highlighted and summarized.

To analyse the SSC through the bays, we define:

SF¼ SSCwaves

SSCno waves
(12)

where SSCwaves is the cumulative SSC calculated after 2 months
of numerical simulation in the presence of waves normalized
by SSCno waves, the respective cumulative SSC in the case with-
out waves.

In Figure 11, we plot SF varying with the relative angle of
wave approach, referring to the representative wave of signifi-
cant height at 1.3m. The sediment flux SF is represented as a
function of the relative wave angle, varying the wave height
as related to two tidal inlets, Great Machipongo (Figure 11a)
and Sand Shoal Inlets (Figure 11b). Our experiments focus on
these two inlets because they show the larger amount of sedi-
ment exchange between VCR coastal bays and the ocean
(Table 3). The sediment flux decreases for high values of signif-
icant wave height, and the curve minimum occurs when the
relative wave direction is around 53°, which is when the along-
shore current velocity reaches the maximum value. Model con-
ditions with alongshore current at the maximum values
represent the worst conditions for the re-entry of sediment into
the bay. In fact, if the sediment flows out through the inlet and
the alongshore current is at the maximum value, the sediment
is partially transported to the adjacent tidal inlet in the direction
of the alongshore current, however, sediment could in part be
transported back into the lagoon.

Figure 7. Normalized x-component velocity UF and UE as a function
of the wave height at Great Machipongo Inlet (a, b) and Sand Shoal
Inlet (c, d) for different values of wave directions. The black dashed
lines represent the value of the UF and UE ratios equal to 1. [Colour
figure can be viewed at wileyonlinelibrary.com]

Figure 8. Alongshore current as a function of HS in the transversal
section between Great Machipongo Inlet and Sand Shoal Inlet and
regression lines for different wave directions. [Colour figure can be
viewed at wileyonlinelibrary.com]
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The impact of vegetation on sediment retention is a key pro-
cess to maintain sediment availability in the bay. We calcu-
lated, for tidal inlets and cross-sections located between every
inlet, the mass of suspended sediment exported from VCR bays
(Table 3). During the winter, the normalized suspended sedi-
ment mass exiting the bays is higher than in the summer, when
vegetation (seagrasses and salt marshes) density and height are
typically greater (Figure 12).

Discussion

Comparison with previous works

Our study reveals the pivotal role of seasonal vegetation growth
combined with waves and tidal currents on the VCR multiple
tidal inlet systems. Indeed, those processes alter the hydrody-
namics and sediment fluxes in coastal bays through each tidal
inlet. Our study reveals that the ebb dominance of the bay sys-
tem is not strongly affected by the presence of offshore waves
(Figures 6 and 7). In particular, the ratios UF and UE quantify
the effects of offshore waves on tidal fluxes, respectively, during
flood and ebb compared to the study case without waves.
Changing the wave angle (ϕR) and significant wave height
(HS), our model runs show a variation in velocity at the tidal
inlet with values between 1 and 4% compared to the case with-
out waves (Figure 7). Therefore, our study shows the low

Figure 9. Alongshore current as a function of tidal level (two tidal cycles) calculated at the transversal cross-section between Great Machipongo
Inlet and Sand Shoal Inlet at 100m from the shoreline, varying the wave height (a) and the origin direction (b). [Colour figure can be viewed at
wileyonlinelibrary.com]

Table 2. Alongshore current values from Figure 9. Velocities from the
no-waves condition are at the bottom of the table, while the values
show combinations of wave direction and significant wave height.
Each model run shows a maximum and minimum value due to the
tidal flux influence

Significant wave
height [HS

(m)]

Wave
direction
[ϕR (°)]

Alongshore
current max

(ms�1)

Alongshore
current min

(ms�1)

1 53 0.21 �0.18
1.3 53 0.20 �0.20
1.6 53 0.18 �0.21
1.3 11 0.22 �0.16
1.3 81 0.20 �0.19
No-waves condition 0.23 �0.14

Figure 10. Contour map of the SSC (20μm) simulated for Great
Machipongo Inlet and Sand Shoal Inlet at two different times: during
ebb in absence of waves (a) and with the test case wave characteristics
(b), during flood without waves (c) and in the presence of the test case
waves (d). White arrows indicate directions and intensities of the corre-
sponding depth average velocity. [Colour figure can be viewed at
wileyonlinelibrary.com]
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impact of offshore waves on tidal inlet velocities. However, the
energetic waves with HS = 1.6m decrease the ebb and flood
velocities in the inlet, with higher values for the wave with
angles between ϕR= 53° and 81° (Figure 7). Similarly, Figures 8
and 9 display the impact of the offshore waves on the along-
shore current, with higher values for the case ϕR= 53° and H-

S>0.8m. Also, increasing the wave’s energy enhances the
velocity alongshore (Figure 8). Moreover, UF and UE at both
tidal inlets always show low values (Figure 7) with larger HS,
because they are impacted by the increased alongshore cur-
rents generated by the offshore waves (Figure 8). Those effects
at Great Machipongo Inlet are able to switch UF from positive
to negative values (Figure 7a).
Sediment export from the bays is one of the most important

parameters that can help to define VCR bays’ sediment budget
and long-term evolution. Figure 10 shows the effects of offshore
waves during the phases of ebb and flood on the sediment con-
centration around the tidal inlets. We quantify with SF the
export of sediment with offshore waves compared to the model

runs without waves. Wave direction has an important role in
sediment exiting the bays, in fact, tidal inlets show a lower
export of sediment for ϕR= 53° (Figure 11). In contrast, the
alongshore current shows a maximum value for ϕR= 53° (Fig-
ure 8), which implies that most of the sediment exported from
the inlets is transported along the shoreline. This hydrodynamic
and sediment transport result suggests that stronger waves
reduce the export of sediment from the bays. The amount of
sediment exiting the inlets moves along the shoreline, and it
might reach and re-enter the subsequent inlet.

Inside coastal bays the sediment transport is influenced by
the presence of vegetation, wind waves, and tidal hydrodynam-
ics. Previous studies have noted that sediment resuspension in
the VCR bays (tidal flats, channels, etc.) is governed by wind
waves (Lawson et al, 2007; Mariotti et al, 2010). In fact, locally
generated wind waves are controlled by fetch and water depth,
which, in turn, control sediment resuspension. This resuspen-
sion mechanism, combined with tidal fluxes, determines the
sediment exchange with the ocean and whether subaqueous
tidal flats erode or aggrade in time (Chauhan, 2009). In the
VCR, sediment contributions from offshore sources and river
discharge are small (Boon and Byrne, 1981; Nichols and
Boon, 1994). The main sediment source for the VCR is repre-
sented by the sediment expelled from other neighbouring
Delmarva Estuaries and Chesapeake Bay, but during the 20th
century, the volume of this sediment decreased (Cooper, 1995).
Sediment availability for deposition is fundamental because the
VCR does not have any tributaries that deliver sediment to the
bay, but most of the sediment transport, erosion, and deposi-
tional processes are related to sediment redistribution within
the system.

Mariotti and Fagherazzi (2013) showed that marsh collapse
could occur if there is positive feedback between marsh and
tidal flat erosion and wave generation in tidal flats. Lack of sed-
iment supply creates deeper tidal flats and hinders marsh
progradation.

Our model suggests that vegetation seasonally affects the
suspended sediment exchange between VCR bays and the
ocean (Figure 12). In particular, during the summer, when there
is a greater vegetation biomass, more sediment is trapped in the
bays – up to 10% more compared to the case without vegeta-
tion (Nardin et al, 2018).

The sediment budget of a given system is often considered an
indicator of coastal stability. Our results show that the
suspended sediment tends to be exported from the tidal basins.
Ganju et al (2013) suggested that marsh systems with a net
export of sediment can be more unstable than systems with
net import of sediment. Castagno et al (2018) showed that as
storm events increase in intensity, more sediment is transported
into tidal bays, thereby increasing the resilience. In contrast,

Figure 11. Sediment flux plotted as a function of the relative wave
directions at Great Machipongo Inlet (a) and Sand Shoal Inlet (b) for dif-
ferent wave heights. [Colour figure can be viewed at wileyonlinelibrary.
com]

Table 3. Sediment exported from each VCR bay divided by monitored inlet. Exported tons from each bay without and with offshore wave condition,
with HS=1.3m and φR=53°. Sediment exchange is quantified with the ratio (Rw and Rs) between the suspended sediment mass (20μm) calculated in
the presence of waves and the corresponding suspended sediment mass without waves, expressed in tons. Rw represents vegetative conditions during
winter, while Rs shows vegetation during summer

Name of bay
Model inlet

ID
Exported tons (no

waves)
Exported tons (winter, with

waves) Rw

Exported tons (summer, with
waves) Rs

Metompkin Bay 0.5 �7.71 �9.12 1.18 �8.08 1.05
Wachapreague 1 �2.01 �3.42 1.70 �2.18 1.08
Quinby 2 �30.59 �22.84 0.75 �21.12 0.69
Great
Machipongo 3 �4.29 �33.96 7.92 �5.51 1.29

Sand Shoal 4 �13.79 �50.75 3.68 �15.22 1.10
South Bay 4.5 �11.26 �23.59 2.10 �10.95 0.97
Fishermans 5 �56.17 �142.96 2.55 �55.50 0.99
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storms can rip up and erode marshes, especially on the marsh
platform boundary where plants are more exposed to the
wave’s energy (Marani et al, 2011). In particular, storms pro-
vide the material necessary to counteract rising sea levels
(Mariotti et al, 2010). Interactions between vegetation species
and SSC will likely play an important role in determining how
coastal wetlands respond to sea level rise and changes in storm
frequency and energy in the future.

Model limitations

Delft3D-SWAN operates in two dimensions, depth-averaged
for the hydrodynamic computational field. It is therefore
unable to address vertical components such as vertical sedi-
ment and water re-mixing, salinity gradient, and stratifications.
Hydraulic roughness due to vegetation is modelled in a variety
of ways in Delft3D. For rigid vegetation, such as that in salt
marshes dominated by S. alterniflora, Delft3D uses the equa-
tions proposed by Baptist (2005). In the case of flexible Z.
marina, Delft3D assumes a greater degree of roughness (Lera
et al, 2019).
However, models do provide useful insights on the entire

bay system suspended sediment distribution. In fact, we can
model and measure the mass balance of water flow and sedi-
ment distribution, adding multiple sediment characteristics
and coupling the hydrodynamic module with Baptist’s vegeta-
tion model. Baptist’s equation has been widely tested with field
data and through laboratory experiments with natural and arti-
ficial vegetation, as well as with rigid and flexible vegetation. In
addition, many experiments have compared the predicted
results with experimental data, with comparable outcomes.
Baptist (2005) applied his model to the Allier (France), the
Volga (Russia), and the Rhine (Netherlands). The results were
compared with field data, with the conclusion that the model
gave consistent results in terms of the sedimentation differences
caused by vegetation. Also, Baptist et al (2007) used the results
of the depth-averaged kappa–epsilon turbulence model, which
accounts for vegetation in a genetic programming framework,

to obtain an expression for roughness in the presence of vege-
tation. Thousands of simulations from this model (using a vari-
ety of input parameters) were used as data points for genetic
programming to find the dimensionally consistent, symbolic
equation for flow roughness due to vegetation. Crosato and
Saleh (2011) provide another validation of the Baptist equation
on the effects of floodplain vegetation on river planform, with
field observations applied to the Allier River in France.

Conclusion

Numerical model results show that bay vegetation reduces
sediment export from the VCR into the ocean between sum-
mer and winter seasons (Figure 12). In our simulations with
fixed bathymetry, we find that ocean waves have a limited
impact on bay hydrodynamics. Our study reveals that the
ebb dominance of the bay system is not strongly affected by
the presence of offshore waves (Figures 6 and 7). However,
offshore waves affect tidal inlet hydrodynamics through the
alongshore current and sediment dynamics among bays in
VCR. Changing the wave angle (ϕR) and significant wave
height (HS), our model runs show a variation in velocity at
the tidal inlet with values between 1 and 4% compared to
the case without waves.

Our results highlight the delicate equilibrium between the
effects of bay vegetation and wave climate on the coastal wet-
lands sediment budget. Our study shows that the alongshore
current is strong enough to deliver sediment from one inlet to
another, allowing the sediment to re-enter the bay through a
different inlet. Additionally, offshore waves increase sediment
export from coastal bay systems and play a key role in sediment
loss. This study might help administrators and stakeholders to
quantify a sediment budget at VCR coastal bays, envisioning
possible restoration strategies to reduce sediment export. Our
results show an export of sediment from VCR bays under waves
attack up to 29%, during summer seasons, while during winter
the sediment export might be a few times larger. Further
research is needed to quantify and measure coastal bays’ sedi-
ment budget in the VCR, while approaches such as field

Figure 12. Conceptual model of the effect of waves on the sediment exchange between bays during winter (a) and summer (b) considering the pres-
ence of waves with HS=1.3m and φR=53°, varying vegetation characteristics inside the bays. Sediment exchange is quantified with the ratio between
the suspended sediment mass (20μm) calculated in the presence of waves and the corresponding suspended sediment mass without waves, expressed
in tons. Blue and red numbers in the figure represent respectively the amount of sediment coming through tidal inlets and transversal cross-sections
between each bay, and arrows suggest the sediment direction. [Colour figure can be viewed at wileyonlinelibrary.com]
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observations of hydrodynamic and sediment transport magni-
tude are crucial for validating numerical models.
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